INTRODUCTION
Ecology of sea ice has been studied intensively for several decades (e.g. Meguro 1962 , Bunt & Lee 1970 , Alexander et al. 1974 , Horner 1985 , Dieckmann et al. 1991 , Legendre et al. 1992 , Gleitz et al. 1995 , Arrigo et al. 1997 , Melnikov 1997 , Mock & Gradinger 1999 ABSTRACT: Oxygen micro-optodes were used to measure oxygen dynamics directly within the microstructure of sea ice by freezing the sensors into the ice during its formation. The experiment was conducted in a 4 m 3 mesocosm filled with artificial seawater and inoculated with a unialgal culture of the common Antarctic ice diatom Fragilariopsis cylindrus (Bacillariophyceae) to a final chlorophyll a (chl a) concentration of 11 µg l -1
. Ice growth was initiated 7 d after inoculation by reducing the air temperature to -10 ± 2°C and terminated 17 d later. The final ice thickness was 27 cm. One optode was frozen into grease ice and 2 others into the skeletal layer of the growing ice sheet. Increasing oxygen concentrations during ice crystal formation at the water surface and the ice-water interface revealed a strong inclusion of oxygen, which was either physically trapped and/or the result of photosynthesising diatoms. The major portion of oxygen was present as gas bubbles due to supersaturation as a result of increasing salinity and oxygen production by diatoms. An increase in salinity due to a concurrent decrease in ice temperatures during subsequent sea ice development reduced the maximum concentration of dissolved oxygen within brine. Thus, dissolved oxygen concentrations decreased over time, whereas gaseous oxygen was released to the atmosphere and seawater. The sensors are a significant advance on more conventional microelectrodes, because the recordings can be temperature and salinity compensated in order to obtain precise measurements of oxygen dynamics with regard to total (dissolved and gaseous) and dissolved oxygen in sea ice. Optodes do not consume oxygen during measurement over a long period under extreme conditions, which is another advantage for long-term deployment in the field.
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Resale or republication not permitted without written consent of the publisher ) measured phosphate accumulation as a consequence of heterotrophic production in combination with substantial dissolved inorganic carbon (DIC) depletion and strong oxygen oversaturation. This is contradictory to the expected oxygen consumption by microzooplankton and bacteria, of which the latter frequently exceeds primary production of microalgae (Grossmann & Dieckmann 1994) . Such discrepancies can be best addressed by defined laboratory ice experiments where the concepts of brine channel architecture and internal surface area as the basis for interactions of organisms, colonisation and biogeochemical processes can be studied in detail (Krembs et al. 2000 . Cryo-microscopical methods are now available which enable the visualisation of microorganisms in their brine channel habitat (Junge et al. 2001) . Such developments are superb aids to define complex physicochemical and biogeochemical interactions within the intricate sea ice microbial networks. However, despite these developments, we are still unable to determine chemical or physical conditions in undisturbed brine channels. Consequently, our knowledge is mainly restricted to bulk parameters resulting in the development of concepts with unclear details about prevailing environmental conditions in the network of brine channels, pockets or bubbles. The main reason for this serious shortcoming is the inaccessibility of the ice interior due to texture and rigid nature of the ice.
Many of the problems facing the sea ice researcher are similar to those encountered when measuring production processes and fluxes across biological films and surface sediments (Krembs et al. 2000 . The technological progress that has been revolutionary in the study of biofilms and sediments is the most appropriate source of tools for a new era in sea ice research. One of the most striking advances in the past 15 yr has been the development of microelectrodes for the study of diffusive boundary layers and profiles of dissolved gases with remarkably fine scale resolution (Herman & Rechnitz 1974 , Revsbech et al. 1980 , Jörgensen & Revsbech 1985 , Revsbech & Jörgensen 1986 , Klimant et al. 1995 , De Beer et al. 1997 .
Several studies have used microelectodes in sea ice investigations (McMinn & Ashworth 1998 , McMinn et al. 2000 , Kühl et al. 2001 , Rysgaard et al. 2001 , Trenerry et al. 2002 . These microelectrodes were constructed exclusively to measure dissolved oxygen, however, they were not deployed directly in brine channels (McMinn et al. 2000) . They are able to penetrate loose layers of ice crystals at the ice-water interface and the bottom few millimetres of sea ice which encompasses the bottom sea ice assemblages that are common in land fast ice (Rysgaard et al. 2001) . In situ determination of dissolved oxygen, and therefore photosynthesis and respiration, is of fundamental importance in understanding the driving forces behind biogeochemical cycling within ice assemblages (Gleitz et al. 1995 . Chemical processes such as redox-reactions are strongly influenced by the presence or absence of oxygen. The oxygen concentration is also influenced by physical processes within brine channels (Tsurikov 1979) . Thus, oxygen is central in the interaction between physicochemical and biological processes (Jörgensen & Revsbech 1985) .
Unfortunately, there are major limitations to the use of microelectrodes within brine channels of sea ice. They are not flexible and consume oxygen, which results in a strong influence on oxygen concentrations within small pore spaces (Klimant et al. 1995 , 1997 , Gouin et al. 1997 . To overcome these constraints and to further develop our understanding of oxygen dynamics, we have investigated the use of oxygen micro-optodes in artificially produced sea ice. An array of micro-optodes was frozen into the ice as it was growing. Temperature and salinity compensation of the signals was possible by simultaneous freezing of a chain of thermistors in the same sea ice depth. Salinity was calculated based on temperature (Assur 1960) . The deployment of the sensors within the brine channels for ca. 17 d indicated that oxygen concentrations were influenced by freezing of sea water, brine salinity, diffusive gas exchange and biological activity.
MATERIALS AND METHODS
Set-up of mesocosm experiment. The optodes were tested in a 4 m 3 polyethylene tank (mesocosm without exchange of water) placed in a large environmental basin at HSVA (Hamburgische Schiffbau-und Versuchsanstalt) in Hamburg, Germany. The mesocosm was filled with artificial seawater (Instant Ocean Salt) to a final salinity of 34 and f/2 nutrients (Guillard & Ryther 1962) . At all times, the water was well mixed using a filterless water pump. Light was provided from above by fluorescence tubes (Osram, ultra-white) . Surface irradiance at the ice surface was adjusted to 34 µmol photons m -2 s -1 for the entire period of the experiment. The mesocosm (water temperature 0°C) was inoculated with batch cultures of non-axenic Fragilariopsis cylindrus (Bacillariophyceae), originally isolated from the Antarctic, to a final chlorophyll a (chl a) concentration of 11 µg l -1 . This relatively high initial algal concentration was chosen to initiate a dense algal bloom in the ice. Ice growth was initiated 7 d after inoculation by reducing the room temperature to -10 ± 2°C and initiating ice crystal formation by fine water spray over the water surface (Haas et al. 1999 ).
Physical, chemical and biological measurements.
Air temperatures were logged every 10 min using a TinyTalk thermometer located 20 cm above the ice surface in a parallel tank. Ice and water temperatures were measured at intervals of 6 s using 2 thermistor sticks deployed near the optode array. They were composed of 10 Siemens K17 thermistors with a vertical spacing of 2 cm beginning 2 cm above the air-water interface. The thermistor tips extended horizontally by about 1.5 cm away from the vertical stick to avoid ice growth artefacts. Ice thickness measurements were performed at irregular time intervals by inserting a dipstick inside small drill holes.
Surface irradiance (photosynthetically active radiation [PAR]) was measured with a Li-Cor 1000 radiometer and a 4π sensor, whereas the underwater light field was recorded with a miniature Fiber Optic Spectrometer (Ocean Optics) fitted with a CC-3 cosine-corrected irradiance probe. This probe was placed 30 cm below the water surface. Readings were taken at irregular time intervals but parallel to the oxygen measurements.
Ice cores for the determination of chl a, phaeopigments, and bulk ice and brine salinities were drilled manually with a 12 cm ice auger at irregular time intervals throughout the ice phase of the experiment. The cores were sectioned into 5 to 7 cm sections and centrifuged for 15 min at -5°C to extract the brine . The salinities of the brine and remaining melted ice were measured using a WTW LF 191 conductivity meter. For the determination of chl a and phaeopigments, brine and the remaining melted ice were filtered onto Whatman GF/F filters and analysed fluorometrically with a Turner Designs Model 10-AU digital fluorometer after Arar & Collins (1992) .
The Type A micro-optodes (PreSense, Precision Sensing GmbH) have a measuring range from 0 to 500% air saturation. They possess fibre tips of ca. 40 µm which were coated with black silicon to ensure stability and to suppress any optical effects from the surrounding sea ice. The optical fibre was fixed in a syringe and guided through the needle (10 cm length). The micro-optodes were 2 point calibrated at -1°C in aerated artificial sea water with a salinity of 34 (100% air saturation) and a solution of 0.5% NaSO 3 (0% oxygen) before starting the experiment. A re-calibration of the optodes was not possible because the cables had to be severed for the thin section analysis needed to determine the position of the optodes in the ice. Four sensors were deployed at discreet intervals attached to a wooden support placed in a corner of the mesocosm (Fig. 1) . The first sensor was placed 4 cm below the surface of the water (Optode 4), the second 15 cm below (Optode 15), the third 25 cm (Optode 25) and one in 60 cm depth (Optode 60) (Fig. 1) . The sensor tips extended horizontally by about 12 cm from the vertical stick. Readings were taken with a Microx I (PreSens) at irregular time intervals with a maximum frequency of 3 times a day. Microx I measures the luminescence lifetime of the immobilised luminophore as the oxygen dependent parameter. Measurements are not affected by bending the fibre or the optical properties of the sample. Furthermore, intensity fluctuations of the light sources or bleaching effects of the indicators have no impact on the lifetime measurements. The Microx I uses a phase-modulation technique to evaluate the lifetime of the indicators. The oxygen content as % airsaturation can be calculated using Eq. (1): (1) where Φ 0 is the phase angle of oxygen free water, Φ is the measured phase angle, K SV is the Stern-Volmer constant and [O 2 ] is the oxygen content in % air saturation.
The conversion of % air saturation into µmol O 2 l -1
can be calculated as in Eq. (2): ; . ), and α(T;S) is the Bunsen absorption coefficient at temperature T (Kelvin) and salinity S.
The conversion of % air saturation into µmol O 2 l -1 can only be calculated by considering the influence of temperature and salinity changes during sea ice formation and subsequent growth. Both parameters (T;S) have a strong influence on the concentration of dissolved oxygen in brine (Sherwood et al. 1991) . The solubility of oxygen decreases with increasing salt concentrations and increases with decreasing temperatures. Consequently, a temperature compensation had to be conducted by using thermistors. The temperature data were also used to calculate brine salinity (Assur 1960) and chlorinity using Eq. (3): (3) where S b is the brine salinity. This is necessary to compensate for the salting-out effect with the Bunsen absorption coefficient α(T;S b ) using Eq. (4) . A-D and P-S are coefficients based on measurements and polynomial fits (Instruction Manual for Microx TX, PreSence Precision Sensing).
Ten temperature measurements (60 s) were used for each reading point of oxygen. The average of the temperature/chlorinity data was used to compensate the oxygen measurements. More details on the measuring principle, calculation as well as the optodes themselves are available at www.PreSens.de. Oxygen titration according to the Winkler method (Strickland & Parsons 1972) was conducted on water samples from below sea ice at irregular time intervals in order to compare the water measurements taken with Optode 60. This comparison was not possible for the ice samples.
At the end of the experiment, an ice block in which the optodes were frozen was cut out from the ice sheet in order to determine the microstructure in which each sensor tip was embedded. In a -20°C cold room, thin cross sections of ca. 3 to 4 mm were cut to include and display the optode tips. Sections were photographed under ordinary light for best contrast between the black fibre tip and the pores or brine channels. 
RESULTS
The ice grew at a rate of 0.54 mm h -1 after the reduction of room temperature and attained a thickness of 27 cm by the end of the experiment (Fig. 2) . Ice growth was uniform over the surface of the mesocosm, and there were no signs of spatial heterogeneity in ice growth and properties. Consequently, Optodes 4, 15 and 25 were successively frozen into the ice. Optode 4 was frozen on Day 3, Optode 15 on Day 10 and Optode 25 on Day 17, whereas Optode 60 remained in the water as a reference probe. Each of the optodes experienced a different temperature shift during ice formation (Fig. 3) . The temperature of Optode 4 decreased from -1.9 to -6.7°C, of Optode 15 from -1.9 to -3.4°C and for Optodes 25 and 60 from -1.9 to -2.2°C. This general decrease in ice temperatures resulted in an increase of calculated brine salinities from 34 to 110 at 4 cm depth and from 34 to 78 at 15 cm depth (Fig. 4) . Measured salinities ranged within the same magnitude (Fig. 5) . The increase was strongest in the upper parts (from 34 to 77), lower in the middle of the ice (from 34 to 62) and a slight increase was measured at the ice-water interface (from 34 to 42). Measured bulk salinities of the ice decreased inversely to the measured brine salinities indicating a desalination of the ice sheet.
The PAR was calculated from the entire under ice spectrum. It decreased from approximately 12 to below 1 µmol photons m -2 s -1 during the experiment, due to increasing ice thickness (Fig. 6) .
Algal biomass in terms of chl a fluctuated during ice formation (Table 1 ). An initial enrichment in brine was measured in the early stages of ice formation especially in the upper parts of the ice (from 2.65 to 10.94 µg chl a l ). Data obtained with the Microx I are calibrated but not corrected for temperature and salinity. The data are given in % air saturation and integrate both changes in temperature and salinity over time (Fig. 7) . Optode 4 recorded oxygen oversaturation in the brine within the top of the sea ice (Fig. 7a) , whereas relative oxygen concentrations in the bottom of sea ice, measured with Optode 15 after Day 10, were nearly identical to those of the water below (Fig. 7b,c,d ). In general, the temporal trend of oxygen in the water decreased from 89 ± 4.0 to 60 ± 0.5% air saturation. ] in brine. Chl a on Day 3 is given for the entire ice thickness (5 cm), on Day 10 for top (0 to 7 cm) and middle/bottom (7 to 14 cm) and on Day 17 for top (0 to 7 cm) and middle/bottom (7 to 21 cm) Fig. 6 . Irradiance (photosynthetically active radiation = PAR) measured with a miniature fibre optic spectrometer suited 30 cm below the water surface compensation resulted in micromolar oxygen concentrations, which verified the uncorrected Microx I data with regard to the temporal trends. These data also indicated higher oxygen concentrations within the top of the ice compared to the water below. The first significant increase of oxygen occurred on Day 3 of freezing (Optode 4) and in the skeletal layer of the growing ice at Day 10 (Optode 15). The salinity correction takes into account the gassing out effect of oxygen with increasing salinity. This gives the dissolved oxygen concentration under this condition, whereas the temperature corrected as well as the uncorrected data represent both dissolved and gaseous oxygen. This phenomenon of oxygen out-gassing is most pronounced in the top of sea ice, where dissolved oxygen concentrations (temperature and salinity corrected) rapidly decreased with increasing brine salinities (Figs. 4 & 7a) . A small out-gassing event probably also occurred during growth of the skeletal layer (Fig. 7b ). Temperature and salinity corrected oxygen concentrations are almost constant over 3 d, whereas the temperature corrected data increased significantly, which was not observed at 25 and 60 cm water depth (Fig. 7c,d ). The chemically determined oxygen concentrations in seawater corresponded well with optode measurements for the first 5 d of the experiment. Thereafter, Winkler oxygen increased, whereas Optode 60 recorded decreasing values. Microscopic analyses reveal that each sensor tip was enclosed in a brine channel or pocket (Fig. 8a) . Brine channels appear to be narrower in the top of the sea ice (Optode 4) than in the middle (Optode 15) or the skeletal layer (Optode 25). Also, small gas bubbles were more numerous in the top of sea ice than in the middle or bottom parts.
DISCUSSION
In situ determination of oxygen within a completely undisturbed brine channel system of sea ice has been impossible up to now. Although McMinn & Asworth (1998) , Kühl et al. (2001) , Rysgaard et al. (2001) and others, e.g. Trenerry et al. (2002) , successfully introduced microelectrodes in sea ice ecology, these studies were either conducted in the diffusive boundary layer between sea ice and seawater with remote-controlled devices (McMinn et al. 2000 , Trenerry et al. 2002 or with a tripod and divers (Kühl et al. 2001 , Rysgaard et al. 2001 . The latter technique enabled measurements of oxygen distribution within loose layers of microalgae just beneath the solid ice cover or even within the lowermost mm of the skeletal layer. However, both techniques have limitations, which are related to the measuring principle of electrodes, their stability, as well as the constructions of the devices (Klimant et al. 1997) . Oxygen optodes compared to oxygen electrodes do not consume oxygen (Klimant et al. 1995) and they are also able to measure gaseous oxygen. The electrode is immersed in an electrolyte and separated from interfering species by a membrane permeable to oxygen. A flow of dissolved oxygen through this membrane is induced by the consumption of oxygen by the electrode. Non-oxygen consuming sensors, however, are of paramount importance for long-term measurements in semi-enclosed brine channel systems of sea ice. The stability of the optode is guaranteed by the flexibility of the glass fibre and the coating of the sensor with silicon (PreSens). These advantages make the optodes an ideal instrument for determination of oxygen evolution or consumption in brine channels or even enclosed brine pockets. This is only possible by freezing of optodes during sea ice formation, a process, which results in a change of physical and biogeochemical properties of seawater. The effects of such changes on the dynamics of oxygen which is influenced by chemical as well as biological processes are still unknown. Nevertheless, measurements in small brine channels or even spheres could reveal strong heterogeneity in oxygen concentrations caused by bubble formation and aggregates of either oxygen-producing (algae) or oxygen-consuming organisms (bacteria). One problem during long-term deployment could be the development of bacterial films on the sensor tip, which was not observed during our experiment. Nonetheless, the general differences in oxygen concentrations between the optodes at the beginning of the experiment remains to be resolved because all the optodes were still in the same well-mixed seawater (Fig. 7) . With the exception of this problem, optode measurements are able to resolve small scale heterogeneity in sea ice. However, more sensor arrays would need to be deployed to obtain a representative overview of the oxygen dynamics within sea ice. Sack hole sampling of brine is not appropriate because brine collection takes too long, thereby enabling gassing out of hyperoxic brines (Gleitz et al. 1995) . Optode measurements are more precise, leading to a better estimate of ecosystem productivity, which varies considerably during different stages of ice algal blooms and inducing dramatic changes in biogeochemical cycles , Thomas & Dieckmann 2002 .
The discrepancy between temperature corrected (total oxygen: dissolved and gaseous) and salinity corrected oxygen (dissolved oxygen) during ice crystal formation at the water surface and the ice-water interface revealed a strong incorporation of gaseous oxygen, which could be the result of physical entrapment of oxygen producing algae and a salinity increase during freezing. The significantly higher concentration of gaseous oxygen in comparison to dissolved oxygen in sea ice could be elucidated by comparison of total oxygen data for ice and water (Fig. 9 ). In contrast to sea ice, no significant difference between gaseous and dissolved oxygen could be found in the seawater. It is reasonable to assume that the diatoms were passively accumulated by grease ice formation and that their photosynthetic activity under the higher light intensities at the surface, resulted in the elevated oxygen concentrations. The brine channels could therefore be oversaturated with oxygen, resulting in a release of gaseous oxygen from sea ice (see uncorrected data of Optode 4). This is also indicated by high concentrations of gas bubbles around Optode 4 (Fig. 8) . A physical entrapment of oxygen within the primary ice layer at the water surface at a time when it consisted of separate crystals can also be assumed. The oxygen is probably incorporated partly from the atmosphere and partly from the water (Matsuo & Miyake 1966 , Tsurikov 1979 . Experiments with microelectrodes in artificial sea ice by Glud et al. (2002) confirmed the observation that brine is supersaturated while melt water is undersaturated with respect to dissolved oxygen. They speculated that the major portion of oxygen associated with the sea ice matrix is most likely trapped as gas bubbles that developed during the freezing process, which is confirmed by our measurements. Nevertheless, both physical and biological processes influence the gaseous oxygen in newly formed sea ice. Increasing salinities due to decreasing ice temperatures reduce the maximum concentration of dissolved oxygen within brine channels. The higher the brine salinity, the lower the maximum oxygen concentration which can be dissolved. This chemical relationship is assumed to be the reason for a temporal decrease in dissolved oxygen concentrations within sea ice (temperature and salinity corrected data of Optode 4). This salinity effect is most pronounced in the top of sea ice where ice is colder in comparison to the ice-water interface. However, the dynamics of oxygen at the ice-water interface is, in contrast, probably influenced by physically trapped oxygen and activity of algal communities, dominating the bottom habitat because the salinity difference to sea water was less pronounced here. Optode 15 recorded an increase in total oxygen (temperature corrected oxygen) during skeletal layer formation from Days 10 to 12. The highest biomass in terms of chl a in this layer and a strong reduction of biomass in the top layers was also recorded during this time. A release of gas from solution during subsequent freezing of sea water at the icewater interface also occurs during ice growth (Tsurikov 1979) . Winkler titrations and optode measurements ( Fig. 7) confirmed the release of oxygen during sea ice formation between Days 3 and 5. However, the oxygen concentrations in water remained almost constant after Day 5 as determined by Winkler, whereas optode measurements revealed decreasing values (Fig. 7b,c,d ; water). Salinity and density of brine in the upper layer of the sea ice increase because of the rejection of salt by the growing ice sheet. This caused desalination of the ice, which is confirmed by decreasing bulk salinities during freezing (Fig. 5) and generated an unexpected high loss of initially trapped diatoms. Nevertheless, such changes in pigment concentration could also be caused by changes of chl a:carbon ratios, which probably decreased due to increasing irradiance in the top of sea ice. Photosynthesis of diatoms at the sea ice surface was more likely inhibited by high salinities and low temperatures, whereas diatoms at the sea ice-water interface were probably inhibited by low photon flux densities of not more than 1 µmol photons m -2 s -1 (Fig. 6) . Nutrient limitation could be excluded in the artificial seawater enriched by f/2 nutrients. The measurements with micro-optodes have improved our understanding of oxygen dynamics in sea ice, which is vital for modelling biogeochemical cycles (Thomas & Dieckmann 2002) . This method combined with novel measurements by Eicken et al. (2000) using magnetic resonance imaging (MRI) to investigate small scale processes in changing temperature regimes occurring during sea ice formation may help to better understand the dramatic influence of gas dynamics in sea ice and related biological activity. Optical observations to investigate microstructural influences on the distribution of algae and bacteria (Junge et al. 2001) would complete the detailed investigation of small scale microstructural processes within sea ice brine channels and pockets. 
CONCLUSIONS
This study demonstrated the first use of microoptodes to investigate oxygen dynamics within undisturbed brine channels of sea ice. Although experiments were done in an artificial experimental tank, the results give reason to believe that further developments will enable their deployment in the field. The sensors are a significant advance over more conventional microelectrodes. They are ideal for long-term deployment in the field because they can be temperature and salinity compensated and do not consume oxygen during measurements over a long period under low temperatures. The optodes withstand freezing without damage to the sensor tip, an important prerequisite to measure directly within brine channels or brine pockets of sea ice without disturbing the ice texture or brine chemistry. Evidently, both physicochemical and biological processes influence the oxygen concentrations in sea ice. Oxygen is obviously incorporated during sea ice formation and enhanced by photosynthetic activity of micro-algae, resulting in supersaturation, especially in the top layers of sea ice. However, the major proportion of oxygen is not dissolved in brine, but is concentrated in the form of air bubbles or released to the seawater.
